Despite advances in conventional chemotherapy, surgical techniques, and radiation, outcomes for patients with relapsed, refractory, or metastatic soft tissue sarcomas are dismal. Survivors often suffer from lasting morbidity from current treatments. New targeted therapies with less toxicity, such as those that harness the immune system, and immunocompetent murine sarcoma models to test these therapies are greatly needed. We characterized two new serendipitous murine models of undifferentiated sarcoma (SARC-28 and SARC-45) and tested their sensitivity to virotherapy with oncolytic herpes simplex virus 1 (HSV-1). Both models expressed high levels of the primary HSV entry molecule nectin-1 (CD111) and were susceptible to killing by interleukin-12 (IL-12) producing HSV-1 M002 in vitro and in vivo. M002 resulted in a significant intratumoral increase in effector CD4 + and CD8 + T cells and activated monocytes, and a decrease in myeloid-derived suppressor cells (MDSCs) in immunocompetent mice. Compared to parent virus R3659 (no IL-12 production), M002 resulted in higher CD8:MDSC and CD8:T regulatory cell (Treg) ratios, suggesting that M002 creates a more favorable immune tumor microenvironment. These data provide support for clinical trials targeting sarcomas with oncolytic HSV-1. These models provide an exciting opportunity to explore combination therapies for soft tissue sarcomas that rely on an intact immune system to reach full therapeutic potential.
INTRODUCTION
Sarcomas are a heterogeneous group of rare malignant tumors involving bone and soft tissue. They represent approximately 1%-2% and 6%-15% of adult and pediatric tumors, respectively. [1] [2] [3] The mainstay of therapy includes various combinations of surgery, cytotoxic chemotherapy, and radiation, which have therapeutic limits because of life-threatening toxicities. Furthermore, in children these treatments impair normal development and result in long-term morbidities. Adult survivors of childhood sarcoma have an almost 10-fold risk of developing a second primary neoplasm and are more likely to have limited physical function and chronic pain compared to the general population. 4 Although current therapies have improved survival rates for adults and children with sarcomas, outcomes remain extremely poor for patients with relapsed, refractory, or metastatic disease. At diagnosis, survival can be as high as 90% for patients with localized disease with favorable features, but plummets to <20% for patients with metastatic disease. 5, 6 Relapsed disease can be especially ominous as survival rates fall to <15%. [7] [8] [9] Herpes simplex virus 1 (HSV-1) has been successfully engineered for oncolytic HSV (oHSV) therapy by introducing mutations in both copies of the g 1 34.5 gene in order to prevent a productive infection in normal cells while maintaining the virus's oncolytic activity against cancer cells. 10 In addition to killing cancer cells directly, the virus is immunogenic; as the virus lyses tumor cells and creates inflammation, newly exposed cancer antigens may be cross-presented, triggering both an innate and an adaptive anti-tumor immune response. The HSV-1 genome is $154 Kb, but $30 Kb contain genes nonessential for viral replication in tumor cells and can be removed to accommodate insertion of therapeutic genes. oHSV M002 produces a physiologically relevant amount of murine interleukin-12 (IL-12), a cytokine with potent antitumor properties that has been inserted into both loci occupied by g 1 34.5. 11 IL-12 is normally produced by antigen-presenting cells (APCs), including B lymphocytes, dendritic cells, and mononuclear phagocytes. It enhances the cytolytic activity of natural killer (NK) cells and cytotoxic T cells, and promotes the development of a T helper 1 (Th1)-type immune response. 12, 13 In mice bearing intracranial gliomas, treatment with M002 significantly improved survival compared to treatment with the parent HSV R3659, which lacks IL-12.
14 M032, which produces human IL-12, was safe in nonhuman primates leading to a current phase I clinical trial in adults with recurrent malignant glioma (NCT02062827). 15 Rapidly emerging therapies such as oncolytic virotherapy, tumor vaccines, and immune checkpoint blockade all rely on an intact host immune system to be effective. These are attractive approaches for patients with bone and soft tissue sarcomas; however, a major challenge for developing and testing immunotherapies against these tumors is the lack of available immunocompetent murine models that allow examination of treatment response with an intact immune system. We sought to characterize two new serendipitous models of murine undifferentiated soft tissue sarcoma, SARC-28 and SARC-45, and to determine their susceptibility to oHSV and their suitability as models for testing other immunotherapeutics.
RESULTS

Immunohistochemistry of Murine Sarcomas
SARC-28 and SARC-45 are murine sarcomas that apparently arose spontaneously in immunocompromised C.B-17 severe combined immunodeficiency (SCID) mice during serial transplantation of patient-derived xenografts established by direct implantation of freshly resected human medulloblastoma tissues, BT-28 and BT-45. 16 Short tandem repeat analyses performed by the University of Alabama at Birmingham (UAB) Heflin Center for Genomic Science repeatedly on the tumors revealed the absence of human DNA. At that point, tumors were harvested and stained for further evaluation. Both tumor lines (SARC-28 and SARC-45) demonstrated similar findings, and based on histopathology and immunohistochemical features, the tumors were most consistent with high-grade undifferentiated murine sarcoma ( Figure 1 ) and were inconsistent with pediatric human medulloblastoma, which was the tumor type originally implanted in mice. Microscopic examination demonstrated a well-circumscribed unencapsulated hypercellular malignant tumor composed of relatively uniform plump spindle cells with high nuclear/cytoplasm ratio, tapering nuclei, and indistinct cell border. Mitotic activity was brisk. The tumor cells were arranged in short fascicles or solid sheets. Foci of necrosis (SARC-45) were present. Immunohistochemically, the tumor cells showed patchy immunoreactivity for CD99, vimentin (weak), and cytokeratin ( Figure 1, upper panels) . Immunostains for glial fibrillary acidic protein (GFAP), synaptophysin, and S100 were negative (Figure 1 , lower panels).
In Vivo Tumor Growth and Doubling Time
Mice were injected with 1, 3, or 5 million cells in the flank, tumor size was measured, and doubling time was calculated ( Figure 2 ). Doubling time in vivo for 1 million cells of SARC-28 or SARC-45 was 2.02 ± 0.55 and 1.69 ± 0.65 days, respectively.
Expression of HSV Entry Molecules
Freshly disaggregated cells from SARC-28 and SARC-45 were assessed for expression of nectin-1 (CD111), a cell surface adhesion molecule found in a variety of tissues that is the most efficient entry receptor for HSV, as well as other reported HSV entry molecules: nectin-2 (CD112), herpes virus entry mediator (HVEM; CD270), and heparan sulfate proteoglycan (syndecan-2). 17 Both sarcomas showed high expression of the primary HSV entry molecule CD111 and high expression of other entry molecules including CD112, CD270, and syndecan-2, suggesting that HSV should readily be able to enter the tumor cells (Table 1) .
In Vitro Cytotoxicity
We next tested cells from both sarcomas for sensitivity to oHSV M002 by adding graded doses of virus. Both tumors were highly sensitive to killing by M002 ( Figure 3A) . The lethal dose of virus required to kill 50% of SARC-28 and SARC-45 cells was 2.9 ± 0.1 and 0.4 ± 0.02 plaque-forming units (PFU)/cell, respectively.
Viral Replication
To assess for M002 virus replication in SARC-28 and SARC-45, we infected monolayers of cells with 0.1 PFU/cell and at 24 hr post-infection, viral titers were determined. Mock infection with vehicle appropriately showed no plaque formation. M002 replicated to a titer of 5.7 ± 2.3 Â 10 5 PFU/mL in SARC-28 and 5.7 ± 2.5 Â 10 5 PFU/mL in SARC-45, suggesting M002 readily infects and efficiently replicates in both tumor models ( Figure 3B ).
In Vivo Oncolytic Effect of M002
To measure the oncolytic effect of M002 in vivo, we used an immunodeficient athymic nude model in an immunoprivileged site (brain were injected. This time point and cell number were chosen because of the fast-growing nature of the tumor. Mean survival time (MST) was significantly prolonged (79 ± 31.8 versus 11 ± 0 days; p = 0.003) in SARC-28 with six long-term survivors at 120 days compared to zero survivors in the saline-treated group (Figure 4) . Similarly, MST was extended in mice bearing intracranial SARC-45 tumors after treatment with M002 (46.7 ± 16.4 versus 11.2 ± 0.5 days; p = 0.002) with three long-term survivors at 120 days compared to zero survivors in the saline-treated group (Figure 4 ). This suggests that the oncolytic effect of the virus in the face of minimal disease is robust in these tumor models.
In Vivo Cytotoxicity in Immunocompetent Model
To determine whether a single dose of M002 could prolong survival in immunocompetent mice and to determine immune effects of M002, we injected mice bearing SARC-28 or SARC-45 intratumorally with either saline, M002, or R3659, the parent virus of M002 without the murine IL-12 gene. Tumor growth was inhibited ( Figure 5A ), and MST was significantly prolonged in mice bearing SARC-28 after treatment with a single 1 Â 10 7 PFU dose of R3659 (20.9 ± 0.8 days) or M002 (20.2 ± 0.8 days) compared to saline alone (16.4 ± 0.6 days) ( Figure 5C ). Similarly, in mice bearing SARC-45, tumor growth was inhibited ( Figure 5B ) and MST was significantly prolonged after treatment with a single 1 Â 10 7 PFU dose of M002 (25.7 ± 4.9 days) or R3659 (23.3 ± 3.9 days) compared to saline alone (18.3 ± 1.9 days) ( Figure 5D ). In both models, there was not a significant survival advantage in mice treated with M002 compared to R3659.
Immune Response Study
To assess the immune response to treatment with M002, we harvested SARC-28 tumors from immunocompetent mice 0, 3, and 10 days after a single intratumoral injection with saline, R3659, or M002 and analyzed them by flow cytometry ( Figure 6A ). 6D ). Furthermore, the CD8:MDSC and CD8:Treg ratios were 4.9-fold and 1.6-fold higher at day 10 in M002 compared to R3659, suggesting that M002 creates a more favorable immune tumor microenvironment.
DISCUSSION
Despite advances in conventional chemotherapy, surgical techniques, and radiation therapy, outcomes for patients with relapsed, refractory, or metastatic sarcomas are dismal. 5, 6 The rarity of bone and soft tissue sarcomas, and the paucity of reliable preclinical sarcoma models make studying novel therapies to target this disease difficult. With the emergence of therapies that amplify and harness the anti-tumor activity of the host immune system, reliable preclinical models that incorporate an intact immune response are desperately needed.
We characterized two new murine models of undifferentiated sarcoma maintained in a BALB/c background. Based on their doubling time, these tumors are highly aggressive. Both of these mouse sarcomas apparently arose from the subcutaneous implantation in immunocompromised C.B-17 SCID mice of surgical specimens of human brain tumor tissue from two different pediatric patients with medulloblastoma. Overgrowth of these two xenotumors with mouse tumors is an uncommon and largely unrecognized problem in establishing patient-derived xenografts in SCID mice. SCID mice seem to have a much higher propensity to develop sarcomas or lymphomas than athymic nudes, or Rag-1 or Rag-2 knockout mice, and most of the reports describe spontaneous mouse tumors in aged animals. 18, 19 However, there are reports of mouse tumors arising after implantation of human cells. [18] [19] [20] [21] Likely, the characteristically long initial tumor development time after implantation of human tumor tissue in immunocompromised mice could mask the local transformation of mouse muscle cells or thymic lymphocytes and subsequent overgrowth of the original implant. This possibility argues for the immediate testing of any nascent patient-derived xenograft with a prolonged development time to exclude its possible replacement and overgrowth of mouse tumor cells, which obviously occurred here with these two murine sarcomas.
Oncolytic viral therapy has seen recent advancement with US Food and Drug Administration (FDA) approval of talimogene laherparepvec (T-VEC) for the treatment of melanoma, and multiple clinical trials investigating oHSV therapy are under way. 22 A trial investigating a single intratumoral or intravenous injection of oHSV for patients with relapsed or refractory extracranial solid tumors including sarcomas is currently enrolling patients aged 7-30 years old (NCT00931931). Trials using oHSV with concurrent radiation (NCT02453191) or pembrolizumab, a programmed cell death protein-1 (PD-1) inhibitor (NCT03069378), are recruiting adults with advanced sarcoma.
Both SARC-28 and SARC-45 showed high cell surface expression of the primary HSV entry molecule CD111, suggesting that both sarcomas would be susceptible to infection by oHSV. We then confirmed these findings by conducting in vitro cytotoxicity and viral recovery assays, which showed that both sarcomas were sensitive to infection and killing by M002 at a relatively low concentration of M002. The in vitro HSV entry molecule expression and cytotoxicity data suggest that SARC-45 may be more susceptible than SARC-28 to infection with M002; however, the virus replicated equally in both cell lines after 24 hr of infection, and entry receptor molecule expression does not always correlate with higher viral entry. 23 Our in vivo studies examining the response to a single dose of M002 in immunocompromised mice bearing SARC-28 and SARC-45 in an immunoprivileged location confirmed the significant oncolytic effect of M002 in the absence of an adaptive host immune system. Previous studies demonstrated that human alveolar and embryonal rhabdomyosarcoma and renal sarcoma cell lines with high expression of CD111 were sensitive to in vitro killing by oHSV. 24, 25 In vivo studies investigating oHSV for the treatment of human rhabdomyosarcoma xenografts and immunocompetent murine sarcomas demonstrated tumor shrinkage and protection from tumor re-challenge. 26, 27 Waters et al. 28 demonstrated that multiple dosing of M002 reduced xenograft tumor growth and increased survival in mice bearing human alveolar and embryonal rhabdomyosarcoma.
Consistently, our in vivo flank studies demonstrated inhibition of tumor growth and extension of survival with a single dose of oHSV. Evaluation of the host immune response to treatment with M002 revealed a marked increase in tumor-infiltrating CD4 + and CD8 + T cells and CD4 + and CD8 + T cells with enhanced effector function, as indicated by intracellular interferon gamma (IFN-g) and granzyme B expression compared to saline. Granzyme B, a serine protease that mediates cellular apoptosis in target cells, is upregulated by effector and memory CD4 + and CD8 + T cells upon activation and in the presence of IL-12. [29] [30] [31] In particular, compared to R3659 or saline treatment, tumors demonstrated increased activated monocytes after treatment with M002. Furthermore, the CD8:MDSC and CD8:Treg ratios were significantly higher at day 10 in M002 compared to R3659, suggesting that M002 creates a more favorable immune tumor microenvironment. Parker et al. 11 reported similar results in which M002 prolonged survival in intracranial glioma-bearing mice, and immunohistologic examination of tumor sections showed a significant influx of macrophages, CD4 + cells, and CD8 + cells in M002-treated tumors compared to R3659, as would be expected with the IL-12 expression that occurs during M002 replication and not with R3659 replication. Values are mean ± SD.
In contrast to the high sensitivity to killing by oHSV in vitro, the in vivo flank studies demonstrated a modest slowing in murine tumor growth and extension of survival in mice receiving a single dose of oHSV versus saline. There are a number of explanations for this:
(1) cells in vitro are all at risk for virus infection, and the virus released from infected cells can easily spread to neighboring cells; (2) in vivo, the number of tumor cells that can be infected is much lower, and the ability of the released virus to percolate through complex tumor tissues is inhibited by stroma, extracellular matrix, and necrosis; and (3) given the rapid growth rate and short doubling time of both sarcomas, the therapeutic window may be more narrow because the tumor, which could be classified as bulky disease at the start of the virotherapy, outgrew the treatment effects of the virus. It takes about 40 hr before infectious HSV particles are released from infected cells, a critical issue since the doubling times of the tumors are comparably short. This is supported by the intracranial studies where fewer tumor cells were injected and the tumors were treated earlier resulting in a more effective anti-tumor result.
Another potential contributing factor to the differences in sensitivity seen in vitro compared to the in vivo flank studies is the immune response to the tumor and oHSV. Influx of immune cells has been demonstrated in all tumor types. Despite this apparent immune activation and localization, some tumors are able to evade and escape immune surveillance through various mechanisms. Among the immune cells infiltrating the tumor microenvironment are Tregs and MDSCs, immunosuppressive regulatory cells that contribute to the suppression of anti-tumor CD4 + and CD8 + T cells, leading to tumor immune escape. [32] [33] [34] [35] [36] Tumor-infiltrating and circulating MDSCs correlate with higher clinical cancer stage and extensive metastatic tumor burden in a variety of solid tumors. 37 In our studies, we found a significant increase in intratumoral Tregs after treatment with oHSV. This may suggest that oHSV therapy alone may not be sufficient to treat certain tumors that are prone to Treg infiltration or patients with large tumor burden. Consistent with this notion, although Cripe et al. 26 found virus-induced tumor infiltration by CD4 + and CD8 + T cells in a murine sarcoma model treated with oHSV, some sarcomas were resistant to virus-mediated killing. They attributed this finding to high levels of interleukin-10 (IL-10), an immunosuppressive cytokine produced by Tregs and MDSCs, suggesting that the presence of an immunosuppressive tumor microenvironment may have been limiting the function of anti-tumor
CD4
+ and CD8 + T cells. 26, 34 Agents found to inhibit MDSCs and Tregs expand CD4 + and CD8 + T cells. [38] [39] [40] [41] [42] [43] [44] In separate human xenograft sarcoma studies, depletion of MDSCs before and following oHSV injection resulted in enhanced tumor killing, and combination with alisertib, an aurora A kinase inhibitor, inhibited virus-provoked recruitment of intratumoral MDSCs in neuroblastoma and malignant peripheral nerve sheath tumor models. 45 
Expansion of Tregs is associated with tumor expression of immunosuppressive checkpoint molecules such as cytotoxic T lymphocyte antigen-4 (CTLA-4), PD-1/programmed death-ligand 1 (PD-L1), and indolamine 2,3-dioxygenase (IDO)
. [46] [47] [48] Tregs themselves also express these proteins and are targetable via specific inhibitors. 49 Combination of oHSV with therapies that target Tregs, MDSCs, or checkpoint proteins is a potentially powerful synergistic regimen for treating solid tumors.
Novel therapies that act on the host immune system can only be reliably evaluated in models with intact immune response and function. SARC-28 and SARC-45 are newly described murine models of undifferentiated sarcoma maintained in an immunocompetent background and offer an exciting opportunity to further explore combination therapies that rely on an intact immune system to reach their full therapeutic potential.
MATERIALS AND METHODS
Murine Sarcoma Tumors and Genetically Engineered HSVs
SARC-28 and SARC-45 are murine sarcomas that arose spontaneously in immunocompromised SCID mice. Short tandem repeat analyses performed repeatedly on both cell lines by the Heflin Genomics Core (UAB) demonstrated the absence of any human DNA. SARC-28 and SARC-45 were maintained by serial transplantation in immunocompetent BALB/c mice. All animal studies were approved by the UAB Institutional Animal Care and Use Committee under the animal project number IACUC-08793 and conformed to all relevant regulatory standards.
Two genetically engineered, oncolytic herpes viruses, R3659 and M002, have been previously described. 11, 50 R3659 is the parent virus for M002 with deletion of the native thymidine kinase locus and deleted regions of both g 1 34.5 loci. M002 is a conditionally replication-competent mutant human HSV that expresses both subunits of murine IL-12 (mIL-12). Transcription of mIL-12 is under the control of the constitutively expressed murine early-growth response-1 promoter (Egr-1). M002 has previously been shown to produce IL-12 in physiologically relevant amounts in solid tumor models.
Tumor Disaggregation and Tissue Culture
Tumors were maintained by serial passage in BALB/c mice, aseptically harvested from the flanks of mice, and washed with PBS to remove excess blood and tissue debris. Tumors were minced with #11 scalpel blades, and minced tumors were disaggregated via gentle-MACS Dissociator (Miltenyi Biotec, Auburn, CA, USA) per standard tumor protocol. Collected cells were washed twice with serumless DMEM/F12 (300 Â g, 7 min, 4 C), counted in the presence of 0.04% trypan blue to enumerate viable cells and then used for study or added to NeuroBasal (NB) medium (Invitrogen, Grand Island, NY, USA) prepared with fibroblast growth factor-b (Invitrogen) and epidermal growth factor (Invitrogen) at 10 ng/mL, 2% B-27 supplement without vitamin A (Invitrogen), 2 mM L-glutamine, amphotericin B (250 mg/mL), and gentamicin (50 mg/mL). Vero cells were maintained using medium containing 7% fetal bovine serum. Medium was exchanged as needed, and cells grew adherently to the bottom of flasks. All cell cultures were maintained at 37 C, 20.8% O 2 , and 5% CO 2 .
Immunohistochemistry
Immunohistochemical examination of tissue sections was performed on 6-mm sections obtained from formalin-fixed, paraffin-embedded block preparations. The immunostaining for GFAP, CD45, and synaptophysin was accomplished with a semi-automated immunostainer (Dako Autostainer Link 48; Carpinteria, CA, USA) and an Envision FLEX HRP (horseradish peroxidase) system. Heat-induced epitope retrieval was accomplished with a 0.02 M concentration of citrate buffer (0.02 M [pH 9.0]) in a heater at 97 C for 20 min. The primary antibodies against GFAP (polyclonal rabbit; prediluted; Dako), synaptophysin (monoclonal mouse; clone SY38; prediluted; Dako), and CD45 (monoclonal mouse; clone UCHL-1; 1:1,000; Thermo Fisher Scientific Lab Vision, Waltham, MA, USA) were added. Fifteen-minute incubation with Envision FLEX Link (mouse or rabbit) was used as an enhancer. The chromogen diaminobenzidine tetrachloride (DAB) was used to visualize the antibody-antigen complex. The immunostaining for vimentin, S100 protein, CD99, and pan-cytokeratin was performed on a semi-automated immunostainer (Ventana, Tucson, AZ, USA) and an ultraView HPR Multimer approach. Heat-induced epitope retrieval with citrate buffer (0.02 M [pH 6.0]) CC1 in a heater at 120 C for 32 min was applied. The immunohistochemistry with prediluted antibodies from Ventana directed against vimentin (monoclonal mouse; clone 3B4), CD99 (monoclonal mouse; clone HO36-1.1), S100 protein (polyclonal rabbit), and pan-cytokeratin (AE1/AE3/PK26) incubated for 32 min. The chromogen diaminobenzidine tetrachloride was used to visualize the antibody-antigen complex. Finally, all the tissue sections were counterstained with hematoxylin. Appropriate positive and negative control slides were prepared. The negative control slides consisted of tissue sections of each case processed without the addition of primary antibody. All controls reacted appropriately.
Tumor Growth In Vivo
To characterize the growth rate of SARC-28 and SARC-45, we dissociated freshly harvested SARC-28 and SRAC-45 tumors into singlecell suspensions as above, then diluted them to achieve a 1 Â 10 6 viable cells/50 mL suspension. BALB/c mice in groups of 10 were injected subcutaneously in the right flank with 1 Â 10 6 cells, 3 Â 10 6 cells, or 5 Â 10 6 tumor cells in low growth factor Matrigel (Corning, Tewksbury, MA, USA). Tumors were measured twice weekly with calipers, and tumor volume in mm 3 was calculated using a standard formula [0.4(width 2 Â length)]. Once tumors reached a volume of 2,000 mm 3 or a length of 2 cm, mice were euthanized and tumors were harvested and processed for study.
Flow Cytometry
Expression levels of HSV entry molecules murine nectin-1 (CD111), nectin-2 (CD112), HVEM (CD270), and syndecan-2 were determined using two-color flow cytometry as we have previously described. 51 Tumors were harvested and dissociated into a single-cell suspension as described above. The following anti-mouse antibodies were used: CD111 (clone CK8; Invitrogen), CD112-phycoerythrin (PE) (clone 829038; R&D Systems, Minneapolis, MN, USA), CD270-PE (clone HMHV-1B18; BioLegend), and syndecan-2 polyclonal antibody (LifeSpan Biosciences, Seattle, WA, USA). PE-anti-mouse immunoglobulin G (IgG) Fc and allophycocyanin-anti-human IgG Fc (clone HP6017; BioLegend) were used as secondary antibodies for CD111 and SDC2, respectively. Samples were analyzed using a BD Biosciences (San Jose, CA, USA) FACSCalibur (UAB Flow Cytometry Core Facility). Data were compiled using FlowJo (v10) software, and results are expressed as a percentage of gated cells.
In Vitro Cytotoxicity Assay
To assess the sensitivity of SARC-28 and SARC-45 cells to killing by oHSV in vitro, we measured cell viability 72 hr after virus treatment using an alamarBlue assay (Thermo Fisher Scientific). Cells were plated (1 Â 10 5 viable cells/100 mL well) in 96-well plates, and after 24 hr were treated with 100 mL of saline or graded doses (0-100 PFU/cell) of M002. After 72 hr, 25 mL of alamarBlue was added to each well and incubated for 6-8 hr to detect metabolic activity as evidenced by reduction of the dye from dark blue to pink. Absorbance (optical density [OD] 595-562nm ) was measured with a BioTek microplate spectrophotometer (Winooski, VT, USA), and the values were used to calculate numbers of PFU per cell required to kill 50% of the cells in a 3-day period, a lethal dose 50 (LD 50 ).
Viral Replication and Recovery
To assess the in vitro replication rate of M002 in SARC-28 and SARC-45, we grew cells to confluence in 6-well plates, infected them with 0.1 PFU/cell of M002, and incubated at 37 C. After 24 hr, cells were harvested by adding 1 mL of sterile milk and freezing at À80
C. Plates were thawed at 37 C, then underwent two more freeze/thaw cycles. Cells and supernatants were harvested, then sonicated for 15 s. Titers of progeny virions were determined using a 10-fold dilution series on confluent monolayers of Vero cells. The average and SD of PFU/mL were calculated from triplicate wells.
In Vivo Survival Study
Sensitivity of the sarcoma models to the viruses was determined in 6-week-old BALB/c mice. Mice were injected subcutaneously in the right flank with 1 Â 10 6 SARC-28 or SARC-45 tumor cells in low growth factor Matrigel. Once tumors reached a volume of approximately 200 mm 3 , mice were randomly divided into cohorts of 10 mice each and received one intratumoral injection of either normal saline (n = 10), R3659 (1 Â 10 7 PFU/20 mL; n = 10), or M002 (1 Â 10 7 PFU/20 mL; n = 10). Tumors were measured three times weekly with calipers, and tumor volume in mm 3 was calculated using a standard formula [0.4(width 2 Â length)]. Once tumors reached parameters dictated by institutional animal care and use committee (IACUC) protocol, mice were euthanized and tumors were harvested and processed for study.
To determine the oncolytic effect of the virus in an immunoprivileged model of sarcoma, nude mice were stereotactically injected intracerebrally with 2 Â 10 5 SARC-28 or 5 Â 10 5 SARC-45 cells. After 3 days, mice were randomly divided into cohorts of 10 mice each, and 1 Â 10 7 PFU of M002 or saline vehicle was stereotactically inoculated at the same site of tumor injection. Mice were assessed daily, moribund mice were euthanized, and the date of death was recorded.
Immune Response Study
In order to characterize the intratumoral immune response to treatment with oHSV, we implanted 6-week-old BALB/c immunocompetent mice subcutaneously with 1 Â 10 6 SARC-28 tumor cells in low growth factor Matrigel into the right flank. Once tumors reached a volume of approximately 200 mm 3 , mice were randomly divided into cohorts of 10 mice each and received one intratumoral injection of either normal saline (n = 10), R3659 (1 Â 10 7 PFU/20 mL; n = 10), or M002 (1 Â 10 7 PFU/20 mL; n = 10). Day of virus injection was deemed "day 0." On day 0, three mice from the saline group were sacrificed, and tumors were processed for study. On days 3 and 10, three mice from each treatment group were sacrificed, and tumors were processed for study.
On each harvest day, tumors were individually dissociated into singlecell suspensions, and each was stained for the presence of surface and intracellular proteins. The first antibody panel included surface staining for the leukocyte marker CD45-allophycocyanin, T cell marker CD3-PercPcy5.5, T helper cell marker CD4-BV510, T cytotoxic cell marker CD8-BV605, and Treg marker CD25-allophycocyanin.cy7, followed by intracellular staining for the Treg transcription factor FOXP3-PE.cy7. The second antibody panel included surface staining for CD45-allophycocyanin, B cell marker CD19-PerPcy5.5, macrophage and monocyte marker CD11b-FITC, granulocyte and monocyte marker Gr-1(Ly-6G/Ly-6C)-Pacific Blue, and monocyte marker Ly6C-Pe.cy7. To assess the ability of intratumoral T lymphocytes to become activated and mount an immune response, we added Leukocyte Activation Cocktail, with BD GolgiPlug (BD Biosciences), to a 1 Â 10 6 tumor cell suspension and incubated it at 37 C for 5 hr. Samples were then analyzed using the third panel of antibodies, which included surface staining for CD45-allophycocyanin, CD3-PercPcy5.5, CD4-BV510, and CD8-BV605, followed by intracellular staining for markers indicating T cell effector activity, granzyme B-Pacific Blue, and interferon gamma (IFN-g)-PE.cy7. For intracellular staining, cells were fixed and permeabilized using the True-Nuclear transcription factor fixation/permeabilization buffer set (BioLegend). Samples were then acquired using a Thermo Fisher Attune Nxt Flow Cytometer (UAB Flow Cytometry Core Facility). Data were analyzed using FlowJo software V10 (Tristar).
Statistical Analysis
All experiments were done in triplicate. Student's t test analyses for significance of mean differences were performed using Microsoft Excel (Microsoft, Redmond, WA, USA). p % 0.05 was considered significant. SigmaPlot version 12.0 (Systat Software, San Jose, CA, USA) was used to generate survival curves using Kaplan-Meier analysis and median survival time. To compare groups, we applied the log rank test. 
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